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~S (E’SECTIONCWWWIWED CSOFA45° SWEH WING

SPAIWINGARECTANGULARLOW-SEEED WR?D TUNNELAS

AEWEWEDBY THETUNNEL WAIJX

By Rota% E. Dannenberg

An investigationwas oonduotedto determinethe efficaoyof simulak
#ng the flow overa sweptwing of infinitespanby mountinga sweptwing
aorossthe test sectionof a closedrectangu@ wind tunnel. Two Constan&
chordwingswere tested;one unsweptand the otherswept45°. The sections
perpendimilar to the l.eadtngedgewere the NACA 631-012: The angle of
attaokwas variedfhm 0° to the stallfor the uusweptwing and from 0° to
12° for the sweptwing.

Equationsare presentedfromwhichthe upwashVelooftiesinduoedby
the tunnelwallswere calculated@r the sweptwing. Correctionsto the
angleof attaokof the sweptwing were appliedaccordingto the calculated
fnduoedvelocities.

The eqerimentalresultsIndicatethat the changein the pressuredis-
tributionand in the llftoharaoteristicsoverthe oentral half of the

sweptwing comparedto that over the unsweptwing was in acoordanoewith
simplesweeptheory. The differencesin the wake drag and in the momnt
charaoteristicswere small.

JN’I!RODUCTION

The ohordwisedistributionof pressureovera yawedwing of,infinite
spanand constantohord in a potentialflow field is invariantalongthe
span. The investigationsof references1 and 2 have indicatedthat the
oharaoteristicsof a sectionat the centerof a oonetant-ohordwing mounted
aorossa wind tunnelobliquelyto the free-streamdirectionare essentially
thoseof an infinitespanwing;however,the pressure~asuremmts verify.
ing this similaritywere made onlyat the oenterof the span of the wing
where the.interferenceof the tunnelwalls is smalland did not-inolude
measurenmts of the spanwisevariationof pressure. Shouldexperlmnt show
thatthe effectsof sweepare uniformovera reasonableportionof the
span,a wing mountedin thismsnnqroouldbe used for evaluatingthe

. . . ------— —-.. . .. . . . . . —..——. —...— — -.—. — —--—— ——— —- —— ——
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changesin pressuredistributionover a sweptwing cau8ed,for insta&e,
by the additionof a nacellleor a lead~dge inlet.

An eqerimental investigationwas undertakenin one of the Ames 7-
by 10-footwind tunnelsto study,by means of pressure-distributionand
walm measurements,the flow overa constantihordk5° sweptwing that can-
pletelyspannedthe wind tunnel. To ascertainthe portionof the spanfor
which the flow satisfactorilyapproximatesthe fluw abouta yawedwing of
infinitespan,the sectioncharacteristicsof the sweptwing are compared
with thoseof an unsweptwing hatingthe sameafifoil sectionperpendicular
“tothe leadingedge. The basiccomparisonis betweenthe chcu?dwisedis-
tributionsof pressure,at variousdistancesfrom the tunnelwalls,for
the sweptwing tith distributionsfor the unsweptwing. The data for the
unsweptwingwere correctedto free+ir conditionsby the msthoddiscussed
in reference3. The data for the sweptwing ~re correctedfor the effects
of the tunnel,wallson the inducedupwashvelocitiesat the wi~ qusrtez=
chordline. Il@atiunsfor the swept+wingcorrectionswere developedby
Mr. JohnDeYoungof the Amss Laboratoryand are includedh the ap~ndix.

caEF’l?IcImTsAND SYMBOLS

The followingccmfficientsand symbolsare used

chordof wiqj psrddsl to flow direction

‘wakedrag cmfficient

sectionlift coefficient

sectionpitch~nt coefficientaboutthe

pressurecoefficient
(W9 ~

staticpressure

dynamicpressure .

velocity

angle of attackin streamwiseplane,degrees

in thisreport:

point

The fol.lowingsubscriptsare used in conjunctionwith the above
coefficientsand =ymbols:-

.

.
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z laal.

o free stream

u uncorrected

.“

MODELAND KPPARATUS

The unsweptwing was mountedverticallyin the wind tunnelas shown
in figure1. The sweptwing waa mountedhorizontally.(Seefig. 2.) The
sectionsperpendicularto the leadingedge of bothwingswere the NACA

~ 63#n2. Coordinatesfor the NACA 631+2 sectionare givenin reference4.
The unsweptwing had a chordof 4 feet;whereasthe sweptwing had a chord
of 2.5 feet wrpendicularto the leadingedge. The axis of rotation fur
angle-of+ttackc-s of the unsweptwing was the one-quartexwhordline;
whereasthatfor the sweutwinR crossedthe midspanstatiunat 35 percent

.

of
as

in

the chordand was hcm~zmt& and perpendicul&to the stream-di&ction
shownin figure3.

The pressuredistributicmoverthe sweptwing was measuredby cmifices
the surfaceof the modelthatwere connectedto multiple-tubemanometers.

The sweptwing had rows of pressurecu?ificesin the stream directionat the
2795-, 5% and ‘12.5+ercen- stations. (Seefig. 3.) Additional

t orificeswere locatedalongconstant-chordWS at 5, 15) 30S 50S ~ 80
percentof the chmi. The chcmdwisedistributionof pressureoverthe
unsweptwing was ~asured by a row of aifices at the centerof the span.

The wake pressures used in calculationof the dragsof the wingswere
measuredby a surveyrak thatwas connectedto an integratingmanometer.
The locationof the surveyplanesbehindthe sweptwing is indicatedin
figure3. For the unsweptwing, the rake wap approximatelycme-half%hord
lengthbehindthe trailingedge. .

T.ESi’s

For the unsweptwing,measurmmts of the surfacepressuresfur angles
of attackfrom 0° to 12° were made at a test&h nuuiberof 0.14. ~
Reynoldsnumberwas 3,840,000based on the chti. ‘lunnel=wdlc-cti-
to the angleof attackand sectionlift c~fficient of thiswing were
appliedaccordingto the methodsdiscussedin reference3 by the following
equations:

●

.
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.

For the sweptwing,measurementsof the surfacepressuresat angles
of attackfrom 0° to 12° were made at a test Wch numberof o-16. The ●

Reynoldsnuniberwas 3,900,000based ~ t~ ch~ fi t~ stre~ d~ecti~.
In additicm,wake-dragmeasurementswere made for varioustestReynolds
numbersup to 8,1OO,OOO.

Tunnel. correctionsfor the sweptwing are presentedin the
appendix. In the derivationof the corrections,the sweptwing was con-
sideredto correspondto a panelof a tid wing as shownin the follow-
ing”sketch,the tucnelwalls functioningas reflectionplanes:

I
.

\

I

●

✎

Tunnel+all correctionsto the angleof attackwere appliedaccordingto
the equation

values of k= and ~ for the sweptwing of this investigation are pre-
sentedin the appendix. The ccmrectionto the angleof attaokwas found
by calculationto vary almg the sw as noted in the followlng table:

station a corrected,deg

(percent) ~, 4° ~, 8° ~, Eo.

27.5 32.07
50 ;:E ::2$ 12.41
7295 4.32 8.58 22.76

.

●

●
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RESTJIXCSMD DISCUSSION
. ,

PressureDistrilnztion

5

The pressuredistributionoverthe centersectionof the unsweptwing
is shownin figurek. For the sweptwing,the chordwisedistributionsof
pressureomr the upp9rsurfaceat the 27.>, 50-, and 72.>percent-epan
stationsare shownin figure5. The correspondingdistributionsoverthe
lowersurfaceare givenin figure6. For the sweptwing,the spsnwise
distributionsof pwssure alongthe >, 1>, 30-, 5*, and 80-percen&
chordlinesare shownin figure7. Inspectionof figure7 revealsthat
the influenceof the tunnelwalls‘isgreatestnear the leadingedge and “
at the higheranglesof attack,is oppositein senseat the two walls,
and diminisheswith increasingdistancefrczueachw@l so that a region
of substantiallyuniformflowresultsoverappmzimatelythe centerhalf
of the span. I&cm the figurea determinationmay be made of the region
in which the flow is su!?ficientlyuniformfor any particularuse. ●

The disturbanceengenderedby the verticalwallspossiblymay be
decreasedby distortingthe walls to confarmto the streamlinepatternof
the flow as indicatedin reference5. The WEUS were not distortedfor
the testsreportedherein.

Simplesweepconsiderationsindicatethat pressurecoefficientsfor
a sweptwing of infiniteaspectratioshould

T
as the squareof the

cosineof the angleof sweep= For a sweepof 45 , the stagnation pressure
coefficientshould*hen be 0.50 insteadof 1.0 in tiompressibleflow.
The resultsare in closeagreementwith this value. In figure8(a),the
measuredpressuredistributionoverthe sweptwing and the distributicm
computedby multiplyingthe masured pressurecoefficientsfor the unswept
wing by the factorCOS2 45° are comperedat zerolift. As shownin the
figure,the agreemmt is excellent. Onlythe comparisonat the midspan
stationis presented,as the agreetintsat the 27.5-and.72.>~rcentipsn
stationswere equallyclose.-

In figures 8(b),8(c), and 8(d),the mminmed and computedpressure
distributionsat the midspanstationare comparedfor amglesof attack
of 2.10,50, and 7.50. The correspondinganglesof attackof the unswept
wing were aete-a from the relation

a swept wing = a Unsweptwing x Cos 45°

The agreementof the computedvalueswith the measwed valuesis good
withinthe angle~f-attak range of this investigation,indicatingsatis-
factoryagreementwith simplesweeptheoryfor the sweptwing pitched
abouta lateralaxis.

- —— . .. .—. — .— .—. -. —.. .. —— .-— — -.
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I?orceand MomentCharaoteristios
. .

The variationof sectionliftcoefficientalongthe span of the swept
wing is shownin figure9 for both correctedand unomrected anglesof
attack. The liftcmff icientswere obtainedby integrationof chordwis~
Pressurtiistributiondiagrams. At the 27.>, 5&, and ~.>~roent-span
stationstherewere a largenumberof pressureorificeswhich clearly
definedthe s@e of.the pressurediagrams. At otherstationstherewere
onlyfive cmtiiceson the ~per surfaceand five orificeson the lower
surfaoe. For the stationstith the fewerorifices,the shapeof-thedia-
gramswas determinedby fairinga curvethroughthe five experimental
potits,usingas a guidethe shapeof ths pressuredistributionat the
closestof the threestationspreviouslymentioneti.

xction of figure9 ShOWSthat the sectionlift coefficient
increased.slightlybetween27.5-and 72.5peroentof the spanfor constant
valuesof the cmrected angleof attaok. 5 variationof sectionlift
coefficientwith angleof attaokis showntn figure10(a)for the 27.>,
5CL, end ~.~rcentipan stations. For anglesof attaokgreaterthan
IL”, a decreaseh lift-ourveslopeoocurmd at the lattertwo stations.
Inspectionof the pressure-distributiondiagramsindicatesthat the extent ‘
of the spanwiseflow separationwas increasing.Xn figure10(b),the
lift characteristicsof the unsweptwing are cqed to thoseat the
tiasp~ Of the ~pt ti~.

.
The maximumlift of ths unsweptwing occurred

at 13.@ angleof attaok. Simplesweepconsiderationsindicatethat the
lifkurve slupeof the sweptwing shouldvary as the cosineof the angle
of sweep. hlude-d in figure10(b)is the lificm of the mpt W%
computedby multiplyingthe lift coefficientof the unsweptwing by the
cosineof 45°. It is seenthat ~~~a valuesare in close~ement
with the test resultsthroughoutthe mgle-of’ttaok range of the investi-
gation.

The pitchi~nt characteristicsof the sweptand of the unswept
wing are shownin figureIl. Therewas no ~zweptible changein the
pitch~nt characteristicsalmutthe one-quarte~hord point of a
sectionof the sweptwing comparedto that-of the unsweptwing.

The spsnwise variationof the wake drag of the sweptwing as calou-
lateilfrom the mcmmtum defectin the wake is shuwnin figure1.2.The
data shownin the figurewould indicatethat in the angle+t%xbtaokrsmge
from 0° to 5° or d the boundary-layerflow had onlya slighttendenoy
to buildup spanwisealongthe wing. Above ah angleof attaokof 6° there
was a pronouncedinoreaseof the wake drag alongthe spant-a the right
r%ll. In figure13(a),the variationof the drag coefficientwith angle
of attaokis shownfor both the unsweptand the sweptwing. The variation

t

of the walw drag of the sweptwing as a funotionof the Reynoldsnumberis
shownin figure13(b)for - angled attaokof OO. 1

.———.— ..-. .. .. . - .... --- ..- ——-— .—. —.. —..-. .. ..-. -. .
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Air Flow Over the SweptWing

7

.

Tuft studiesare presentedin figure14 for anglesof attackof 0°,
5°, 8°, and 1.2°to givean idea of the directionand type of flow in the
boundarylayerof the sweptwing. The tuft pictureswere takehby twO
csmerasabovethe model. The heavydashedline in the pictureswas ~
tothewdmg lead.ingedgeaa shownin figure3. Farsnang leofattackof
5°, the flow adjacentto the rightwall was unsteady. (Seefig. 14(a). )
As the angle of attackwas increaaedabove5°, the regionof unsteadyflow
near the rightwall bec~ qore prominent. The flow overthe left side of
the wing adjacentto the wall was steadythroughoutthe angle-d-attack
range of the investigation.

Inspectionof the tuft picturestndicatesthat the flow adjacentto
the surfaoeoverthe leadingedge of the wing turnedslightlyin the direc-
tion of a linenmmal to the leadingedge and was &gely independentof
changesin the angleof attack. Far an angleof attackof 0° (figs.lk(a)
and 14(c)), the flow overthe rea& 30 to 40 percentof the wing was more
nearlyallnedwith the fre=tream direction.Astheangle of attackwas
increased,the tuftson the rear portionof the wfng turnedin a Uraction
more nearlyparallelwith the tra

Y
edge,indicatingmcme spanwise

flow. ??oran angleof attackof 12° figs.lk(f)and lk(h)),thesetufts
were parallelto the trailinge~ of the wing. Tufts0.25ad 0.50 inch
abovethe wing surface;supportedby wireszmrmalto the surface,indicated
considerablyless spsnwiseflow thandid those on the wing surface.

Colv(mmm REMARm

The resultsof this low-peed investigation indicatethe pract~cability
of simulatingthe flow overa sweptwing of Infinitespanthroughouta
smallrange of angles of attackwith a sweptwing thatcompletelyspansa
closedwind tunnel. The changein ths pressur~oefficientdistribution
and in the lift characteristicsoverthe centralhalf of the spanwere in
accwd with calctiticmsbasedon simplesweeptheory. T& differences .
in the wake drag,and particularlyin the momentcharacteristics,of the
sweptwing comparedto the unsweptwing tire foundto be small.

. .

Ames AeronauticalIabaatcmy,
NationalAdvisoryCommitteefor Aeronautics, “

MoffettField,Calti.,~ 26, lg50.

.
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TUNNE?XKLCCEUIECTIOIISFCR IKDUCEDTIFWASHVELOCITY
l?CiRASWEFIWING ClFCON91!ANTOH(lRDCOMPLEIEU

SPAllNINGA~ WIND TUNNEL

In orderto cczuparethe testresultsfor the sweptwing with those
for the unsweptw@g, it is necesssryto considertunnel+all interference
effectson bothwings. Tunmkwsll correctionsfor the unsweptwing were
appliedaccordingto the @ihcxisdiscussedin reference3. Analysisof the
problemfor the sweptwing indicatesthat it is necessaryto determinethe
extentto whichthe tunnelwalls alterthe angleof.attackfromwhat it
wouldbe if the wallswere not present. AS this aiscwsi~ is limited to

swaptwingsplacedtia~ betweenthe upperand lowertunnelwalls,the
ccu’rectionto the angleof attackis cmmidered to M dependentupon the
qt~ of t~l~-~wed ~l~i$Y. at the hmiz~tal centerplane
of the wind tunnel. ●

The increasein the axialvelocityof the flowaboutthe sweptwing
due to the restmint 3mposed by the hcmizontaltunnelwalls is believed
to be small. For the unsweptwing, this increasein the axialvalocity
resultedin a value1.007t-s the velocityof the undisturbedstream.
The maximumcros=ection area of the sweptwing in @anes normalto the
streama~cti~ was less than me-sixth that of * mlsweptwing. Thus,
at no positionslongthe span of the sweptwing shouldthe increasein
axialvelocitybe as largeas-thatfor the unsweptwing.

. For an infiniteyawedwing in potentialflow,line’sof constantpres-
sureare paralkl to the leadingedge of the wing. Ideally,the flow over
the sweptwing of this investigationshouldcorrespondto the flow over
the yawedwing. However,becausethe verticaltunnelwallsfuncticmsdas
reflectionplanes,the wing carespmded more nearlyto a panel of a
khkea wing, as illustratedin figure15. k the computationof the
tunuel~ carections,the linesof constantpressurewere considered
psrallelto the leadingedgesof the respectivewing panels. It was
realizedthat adjacentto the verticalwalls,the linesof constantpres-
surewere no longerparallelto the leadingedgebut were curvedand became
normalto the walls at the walls. With this discrepancyin flow alinement,
the computedcorrectionswere not expectedto be adqyate ad@cent to the
verticalwalls. The calculatedcorrectims shouldhe satisfactoryfor
correctingto approximatelyfree-am .ccmditionsfor sectionsof the wing
more than one chordlengthfrom eitherwall.

The correctionto the angle of attackfor the sweptwing was calcw r

latedby the methodof imagesin whichthe wing was representedby a bound
vortexalongthe one-qusrte~hord line. The effectsof the horizontal .

tunuelwallswere cakulated by introducinga three-dlmmsionallatticeof
.

imagesaboveand belowthe wing, the imagesbeingalternatelyinverted-,

1
●

..r_.—— . -.-7.
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and directima&s of‘thewing itself. Due
tex, it was necessaryto exte’hdthe hazes

●

✎ 9

to the sweepof the boundvor-
to the rightand left of the

sidewalls of the tu&el as shownin fi&re 15(a).

By considering each imagein turn,an expressionwas obtainedfor the
inducedvelocityat the liftingline. As a resultof the sweepof the
liftingline,the totalinducedvelocitywas not normalto the flowdirec-
tion. The velocitycomponentsparalleland normalto the free-stream
directionwere determinedfrom the equationof the totalinducedvelwity
developedby Mr. DeYoung.

The totalvelocityinducedby the _ vortexat position m.n as—
shownin figurel~(a)is

where

a

c

cl

h

s

u

v

t w

Y

r sec A

‘za~

“1

.

x

1,ncos2A-~+-
2

.

width of the tunnel

cross-sectionsrea of tunnel

,

m

.

section lift ccefficlent

heightof the tunnel

wing area

componentof inducedW1OC ity parallelto x axis

componentof inducedvehnity parallelto y sxis

componentof inducedvelocityparallelto z axis

distanceparallelto y axis mgasuredfrommidspanof wing
(Seefig..15.)
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A angleof sweepof wing

r circulationstrengthof vortex
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m,n integersdefiningimageIocatfon(Seefig. 15(a).)

%’%
interferencefactors

The componentsof the total inducedvelwity paralleland ncu=malto the
fre~tream dfiectionare

—

u= Ju?+v=+w=xc
1

v= %/U?+v=+w=xq I (2)

..

where c is the directioncosineof the totalinducedvelocitywith
respectto the x sxis and TI is the directioncosinewith respectto
the y axis. The valuesof the directioncosinesare calculatedfrom
the equations /\

m
()
h~ cosA

c=
n2sin2A +&

U

&2”

a

(’)
h-m ~sinA

n=

(J 1

(3)
sin2A +* ~

.

To siq)lify the cahtdation,let
.

Ky(m,n)= 1

[ ( )1

x
~2

4X n2sin2 A+& ~

[J

nco$ A-~+$

(7
Y1___
a 2

tan= A +(~-.$a~ +m2(~~ -

<

,

.
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The upwashvelmity per unit circulatim is

w- = ‘~ ~(m,n)
r

(5)

This componentof Velocityis expressedas a correctionto the angleof
attack q as

(6)

The correction for the inducedvelccity componentin the fretitreem
directionis

and as

—

r
‘c/4 = ~

()
m~a Ky(m,n)

,

()
r~f =- hVo C ~

(8)

The total correction to the angle of attackis obtainedfrom e&-
tions (6) and (8) as indicatedin the followingvelocity+omponentdia-
@am:

u

w

.

●
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The
the span
shownin

cmrection to the

variationsof the
for the 45° swept
figure15(c).

NW !m 2160

_ of attackiS

kl Cl

~==’u+l+~cz (9) “

constants k= and > with distancealong
wing in the 7– by 10-footwind tunnelare
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Figure1.- lMsweptwing mouute
wind tunnelf3.
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(a) lixmtview,positiveangleof attack.
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1
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(b) Left-wallsupportarm showingfairingaboutthe pressuretubes.

Figure2.- Sweptulng.
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Figure 3.–Sketch of swept wing.
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Figure 4.- Chordwise d%tribuffon of pressure over the upper

surface of the unswept wing..
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Figure 5.- Stretimwise dlstrtiutlon of pressure over the upper

surface of the swept wing.

. ---- _. ___..-— .-— ------ ——.. — .—. -.——c. —.—. — .—-— .— -



NA~A TN 2160 ‘ .20

.2

.4

.6

.8

Lo. ,0
20 JO 40 50 60 70 80 90 /00

Percent chord

{b) Percent span sfatlon, 50.0.

Figure 5.- Continued. \
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